The ferroelectric properties of nanoscale silicon doped HfO 2 promise a multitude of applications ranging from ferroelectric memory to energy-related applications. The reason for the unexpected behavior has not been clearly proven and presumably include contributions from size effects and doping effects. Silicon incorporation in HfO 2 is investigated computationally by first-principles using different density functional theory (DFT) methods. Formation energies of interstitial and substitutional silicon in HfO 2 paired with and without an oxygen vacancy prove the substitutional defect as the most likely. Within the investigated concentration window up to 12.5 formula unit %, silicon doping alone is not sufficient to stabilize the polar and orthorhombic crystal phase (po-phase), which has been identified as the source of the ferroelectricity in HfO 2 . On the other hand, silicon incorporation is one of the strongest promoters of the p-o-phase and the tetragonal phase (t-phase) within the group of investigated dopants, confirming the experimental ferroelectric window. Besides silicon, the favoring effects on the energy of other four-valent dopants, C, Ge, Ti, Sn, Zr and Ce, are examined, revealing Ce as a very promising candidate. The evolution of the volume changes with increasing doping concentration of these four-valent dopants shows an inverse trend for Ce in comparison to silicon. To complement this study, the geometrical incorporation of the dopants in the host HfO 2 lattice was analyzed.
Introduction
In 2011, Böscke et al. 1 unveiled that silicon doped HfO 2 thin films with a thickness of 10 nm exhibit ferroelectricity. Measurements of 2.6 f.u.% silicon doped HfO 2 showed a clear ferroelectric hysteresis. Beginning at 4.3 f.u.% the hysteresis starts to pinch forming a antiferroelectric-like shape. At about 6 f.u.% the ferroelectricity in silicon doped HfO 2 transforms into dielectricity. On the basis of GIXRD measurements, the polar and orthorhombic crystallographic phase Pbc2 1 (No. 29, p-o-phase) was proposed as the root of the ferroelectricity. [1] [2] [3] Besides the p-o-phase, other important crystallographic phases could be identified to be present in HfO 2 : (a) the monoclinic P2 with more than 5 f.u.% was known to stabilize the t-phase and was applied in 50 nm HfSiON MIS DRAM trench capacitors.
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Ferroelectric silicon doped HfO 2 may become of significant technological importance as can be seen in applications like the 28 nm FeFET demonstrator. 6 Nonetheless, its material properties have not been researched satisfactorily. Recently, silicon doped HfO 2 Atomic
Layer Deposition (ALD) films for a film thickness of 36 nm were explored experimentally in a comprehensive study by Richter et al. 7 varying the concentration from 2.2 f.u.% to 8.3 f.u.% 1 . The maximum polarization was found at 4.2 f.u.%. For a higher concentration the hysteresis started to pinch which was interpreted as an increasing t-phase fraction for zero electric field. Contrary, higher electric field can switch the t-phase back to the p-o-phase (field induced ferroelectricity). In addition, a thickness series of 5 nm to 60 nm with 4.2 f.u.% silicon dopant concentration was prepared showing a maximum polarization around 10 nm followed by a decrease and vanishing of remanent polarization at 60 nm. In all experiments, the ALD stack was sandwiched between TiN electrodes. RevSTM revealed that the crystal phase of the p-o-phase grains at the electrode interface are pinned to the t-phase which implies the existence of a coherent interface. Concluding, the p-o-phase can be stabilized by doping with silicon, but this influence alone is not sufficient. Further mechanism to favour the p-o-phase have been discussed as there are surface and interface energy, 4,8 mechanical strain 4,9-11 and electric field.
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Besides silicon doping, the p-o-phase in HfO 2 has been stabilized with Al, Sr, Y, La, Gd and Zr but no successful stabilization with the 4-valent dopants Ti, Ge or Sn has been reported. Carbon is contained in ALD films on the level of a few f.u.% and its effect as a stabilizer of the t-phase has been emphasized, but the effect on stabilization of the po-phase is only indirectly visible. 12 Other four-valent stabilizers of the p-o-phase have not been reported, although Ge or Ti doped ALD HfO 2 films have been produced finding some t-phase stabilization. From this it appears that silicon is the only four-valent dopant with significant stabilization of the p-o-phase.
Computationally, the effect of the four-valent dopants C, Si, Ge, Ti, Sn and Zr have been studied by Lee et al. 13 and Fischer et al., 14 but only as a stabilizer of the t-phase as the p-o-phase was not known at this time. Lee Furthermore, the absence of the m-phase was explained as an additional size effect.
4,8
The only computational studies to explain the p-o-phase stabilization due to dopants 
Materials and Methods
DFT total energies in this publications were obtained with the (i) all-electron DFT code FHIAims 19-23 which uses numerical atom-centered basis function and (ii) the plane-wave based 2 Katayama et al. 17 have prepared epitaxial Y doped HfO 2 in the p-o-phase. However, a key to the achievement was the preparation of a ITO bixbyte interlayer. A convergence study reveals that a k-point grid of 6 × 6 × 6 for 12 atoms, f-phase, all three choices were calculated and the lowest energy was chosen. Consequently, in the case of the o-phase, the 24 atoms sized unit cell was expanded in two directions and, again, the lowest energy was chosen. In contrast, for 3.125 f.u.% doping the supercell was uniquely built with the multiplication of 2×2×2 of the 12 atoms sized cells and 2×2×1 of the 24 atoms unit cells. Doping concentrations in this publication are specified in f.u.% which is in the case of metal substitution the same as cat % but differs from ani %. As anion and cation doping is used simultaneously in graphs, f.u.% is used instead throughout the paper.
Since FHI-Aims does not include symmetry considerations, all convergences were archived without symmetry constraints. To find the preferred oxygen vacancy positions in silicon doped and pure HfO 2 , the energy of all symmetry inequivalent positions was calculated.
Finally, the vacancy position of the lowest energy was chosen. The final lattice constants and band gap are tabulated in the Supporting Information.
The formation energy E ζ f for a phase ζ ∈ {m, o, p-o, t} are calculated according to
with E were carried out for the charges q = −3, . . . , +3 for all three defects with the lattice fixed to the uncharged structure. For X ∈ {Si i , C Hf , Ge Hf , Ti Hf , Sn Hf , Zr Hf , Ce Hf } only calculation for charge q = 0 were carried out. 35 If q is omitted in the notation, the charge is set 0.
The chemical potentials of V O , Si Hf and Si
Hf V O were i n i µ i = −µ O , i n i µ i = −µ Si + µ Hf and i n i µ i = −µ Si + µ Hf − µ O ,
Results
Si doping with different DFT methods than Hf, a decreasing volume is believed to be the more reasonable trend. Although the t-phase data point was carefully checked, no error in the calculation and the analysis could be found. Experimentally, Zhao et al. 36 precisely measured the volume change by silicon doping in HfO 2 ceramics. Interestingly, in this study, only the m-phase was found up to a doping limit of 9 f.u.% silicon accompanied with no significant change in the unit cell volume. 
Formation energy of Si related defects
The substitutional defect structure Si Hf is created most likely when silicon is incorporated in O chemical potential is close to the production conditions of the thin films, silicon doping preferentially creates Si Hf .
After the production process, the oxygen partial pressure is determined by µ The impact of the discussed defects on the phase stability for 6.25 f.u.% is shown in Figure   4 
Si doping concentration
On the basis of the formation energies it was concluded that the Si Hf defect is the most likely.
We now focus on the impact of Si Hf on the phase stability depending on its concentration.
Different doping concentrations were modeled by substituting one metal with one silicon for different sized supercells. All the metal positions in our crystallographic phases are symmetry equivalent. Substituting of one atom out of 96 atoms gives 3.125 f.u.%, one out of 48 gives 6.25 f.u.% and one out of 12 gives 12.5 f.u.%.
The supercell of 48 atoms can be created by duplicating the 12 atomic unit cell by 2×2×1, 2 × 1 × 2 and 1 × 2 × 2 except for the o-phase (smallest unit cell has 24 atoms) at which only two meaningful directions are available. Since the energies of these structures showed a significant difference, the structures with the lowest energy for all phases were selected. The c-phase proved to be unstable in all doping concentrations and supercells and, therefore, is excluded in the discussion.
The energies for all phases for three distinct silicon doping concentrations displayed in
FIG. 5, clearly show the t-phase as the ground state for a doping concentration larger than
7 f.u.%. Assuming the m-phase is eliminated by the size effect as discussed previously, the transition to the t-phase is determined from the intersection with the p-o-phase at around 5.7 f.u.%. For lower concentration, the phase with the lowest energy is the high pressure o-phase. In general, to achieve a stabilization in a particular concentration window of the po-phase, we either have to assume a destabilization mechanism for the o-phase similar to the m-phase or the phase transformations must be prevented due to a high barrier. Furthermore, the o-phase energy difference seems unaffected by silicon doping.
A further result concerns the linearity of the energy with the silicon concentration which is obviously not fully realized, especially for the p-o-phase. Due to periodic boundary conditions, the 48 atomic supercells require one crystallographic axis where the silicon atoms are closer to each other than in the other directions. Another supercell to model 6.25 f.u.% doping would be substituting two atoms out of 96 atoms. Such supercell would enable the modelling of the silicon to silicon attraction and repulsion, and their influence on the total energy. However, the systematic investigation of the silicon-silicon (or more general dopantdopant) interaction is computationally very time consuming. We will report about this effect 
Other four-valent dopants
After studying the effect of the silicon related defects and doping concentration on the crystallographic phase formation as a prototype system, the effects of other four-valent dopants D are elaborated. C, Ge, and Sn from the carbon group and Ti, and Zr from the titanium group are selected. Furthermore Ce from the Lanthanides because it has a stable +4 oxidation state. Motivated from the analysis of the silicon defect, we limited our investigation to substitutional defects on the hafnium site D Hf .
FIG . 6 shows the evolution of the energy differences with respect to the m-phase from pure HfO 2 to 6.25 f.u.% doping concentration. Although a favouring effect for some dopants on the p-o-phase is evident, none of the investigated dopants alone shifts the p-o-phase to the lowest energy. For a HfO 2 thin film exhibiting ferroelectricity, a destabilization mechanism for the m-and o-phase has to be assumed promoting the p-o-phase to the lowest in energy.
Possible destabilization mechanism have been discussed in literature in Refs. 
Negative values of ∆E Dopant concentration in f.u.% The volume change provides an estimate of the dopant stress exerted to the host crystal.
The large volume change of silicon indicates a large force from silicon on the host lattice. For the smaller carbon, the binding in the host crystal is incomplete with a smaller forces and less volume change. The arrangement is chosen from left to right in increasing crystal radii according to Ref. 42 Apparently, a general trend in FIG. 7 is that with increasing radii the In this section, total energy differences of the o-, p-o-and t-phase were presented and analyzed for the dopants C, Si, Ge, Ti, Sn, Zr and Ce concluding that none of the dopants alone promote the p-o-phase to the ground state. Besides silicon, which favours the p-o-phase but much more the t-phase, Ce is a promising candidate for doping since the t-phase is less favoured than with Si. Subsequently, the volume change due to the dopants are compared.
Following the argumentation from Clima et al. 43 that the volume is inversely proportional to the coercive field Ce doped HfO 2 should expose ferroelectricity with a small coercive field.
Finally, the formation energy of the dopants was investigated revealing that Ce has the second lowest formation energy in our comparison promoting a good solutibility. In addition, all attempts to find a general relation between a geometrical quantity and the energy differences or the formation energy failed. However, to gain an idea of the incorporation of the dopants into the host HfO 2 crystal, the geometric neighborhood of the dopants is analyzed in the next section. Based on the calculations, Ce is a promising candidate for promoting ferroelectricity in HfO 2 . The stabilization of the p-o-phase relative to the stabilization of the t-phase is good, promising a large window in concentration. Based on the small formation energy, the solubility in HfO 2 is good and the volume increase with doping should lower the coercive field. Figure 12 
Geometrical incorporation of the dopants
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